Currently in China, porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus (TGEV), porcine rotavirus (PoRV), and porcine deltacoronavirus (PDCoV) are the major causes of porcine viral diarrhea, and mixed infections in clinics are common, resulting in significant economic losses in pig industry. Here, a dual priming oligonucleotide (DPO)-based multiplex real-time SYBR Green RT-PCR assay were developed for accurately differentiating PEDV, TGEV, PoRV, and PDCoV in clinical specimens targeting the N gene of TGEV, PEDV, and PDCoV, and the VP7 gene of PoRV. Results showed that the DPO primer allowed a wider annealing temperature range (40-65°C) and had a higher priming specificity compared to conventional primer, in which more than 3 nucleotides in the 3′-or 5′-segment of DPO primer mismatched with DNA template, PCR amplification efficiency would decrease substantially or extension would not proceed. DPO-based multiplex real-time RT-PCR method had analytical detection limit of 8.63 × 10 2 copies/μL, 1.92 × 10 2 copies/μL, 1.74 × 10 2 copies/μL, and 1.76 × 10 2 copies/μL for PEDV, TGEV, PoRV, and PDCoV in clinical specimens, respectively. A total of 672 clinical specimens of piglets with diarrheal symptoms were collected in Northeastern China from 2017 to 2018 followed by analysis using the assay, and epidemiological investigation results showed that PEDV, TGEV, PoRV, and PDCoV prevalence was 19.05%, 5.21%, 4.32%, and 3.87%, respectively. The assay developed in this study showed higher detection accuracy than conventional RT-PCR method, suggesting a useful tool for the accurate differentiation of the four major viruses causing porcine viral diarrhea in practice.
Introduction
Currently, porcine viral diarrhea is a major cause of high morbidity and high mortality in piglets and an important threat to the development of pig industry worldwide, resulting in significant economic losses [1] . Porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus (TGEV), and porcine rotavirus (PoRV) are the most common viral agents causing piglet diarrhea [2] . Moreover, porcine deltacoronavirus (PDCoV), since first reported in 2009, has become an important cause of newborn piglet diarrhea [3] [4] [5] [6] [7] [8] [9] . Sometimes, mixed infections in clinics are frequent. TGEV is a common cause of epidemic and endemic viral enteritis in neonates and senile pigs [10, 11] . Like TGEV, PEDV can cause severe enteritis in newborn piglets, but has higher mortality rate that may reach 100% during epidemics [12, 13] . PDCoV, as a newly emerging porcine intestinal coronavirus, can also cause enteritis and severe diarrhea in piglets [9] , leading to numerous economic losses for farmers in China. Its infection appears to be clinically milder with lower neonatal mortality rate of 30-40% compared to typical PEDV infection. PoRV is also a common cause of viral diarrhea diseases among newborn piglets [14, 15] . Infection with any of these viruses develops into similar clinical symptoms, including severe diarrhea and dehydration, and in some cases, mixed infections of these pathogens are common; therefore, it is difficult to distinguish them clinically [4, [16] [17] [18] . Thus, it is of great significance to develop a useful https://doi.org/10.1016/j.mcp.2019.101435 Received 1 July 2019; Received in revised form 28 July 2019; Accepted 12 August 2019 method for rapid and accurate differentiation of these viruses causing viral diarrhea in piglets.
Although virus isolation, immunofluorescence assay, and enzymelinked immunosorbent assays are standard diagnostic methods for viruses [19] , these techniques are time-consuming, relatively low in specificity and sensitivity, and therefore are not suitable for early diagnosis or epidemiological investigation of enterovirus-associated diseases. Currently, polymerase chain reaction (PCR)-based methods have been proven convenient and highly sensitive for detecting porcine diarrhea-associated viruses [20, 21] . Of them real-time SYBR Green PCR method that combines conventional PCR and fluorescent signal detection with advantages of high sensitivity, good repeatability, and intuitive results is widely used for epidemiological investigation and pathogen identification [22] [23] [24] . Moreover, the closed-tube detection of SYBR Green-based real-time PCR assay can effectively prevent aerosol pollution and reduce the incidence of false positives. However, the specificity of SYBR Green fluorescent dye is not so good that the melting curve of PCR product has to be used to confirm the amplification specificity. Therefore, primer design is the key to determining the detection specificity of SYBR Green-based real-time PCR method. However, the fundamental solution for eliminating false positive amplification still remains a challenge, which requires repeated optimization of primer parameters to achieve a high specificity, including primer specificity, primer length, melting temperature, GC content, less secondary structure, and PCR annealing temperature, in particular the development of a multiplex PCR assay.
Dual priming oligonucleotide (DPO) system, with a long 5′-segment, a short 3′-segment, and polydeoxyinosine (poly I) linker bridging 5′-and 3′-segments, is an approach to designing PCR primer first reported by Chun et al. [25] , which can effectively eliminate non-specific priming without disrupting amplification of target sequences, showing higher specificity than conventional primers [25] [26] [27] [28] . Moreover, compared with conventional primer, the design process of DPO system is simpler and does not require repeated optimization of primer parameters. The position of 3′-segment is firstly determined at a site containing 6-12 bases with 40-80% GC content, then five deoxyinosines are designated for the poly I linker, and then the sequence upstream of 3′-segment is automatically extended to 18-25 bases until Tm > 65°C to generate the 5′-segment [25] . Notably, DPO system allows a wide annealing temperature to effectively amplify target genes, indicating a promising tool for developing multiplex PCR assay. Several publications have reported the successful development of DPO-based multiplex PCR assay for simultaneous detection of multiple viral pathogens [26, 27, 29, 30] .
In this study, combining the strong specificity of DPO primers and high sensitivity of SYBR Green fluorescent dye, a DPO system-based multiplex real-time RT-PCR assay for the accurate differentiation of PEDV, TGEV, PoRV, and PDCoV was developed, which would provide technical support for identifying these viral pathogens causing diarrhea in piglet, and for improvement in epidemiological investigation.
Materials and methods

Viruses, primers, and clinical specimens
Viral strains including PEDV, TGEV, PoRV, PDCoV, bovine viral diarrhea virus (BVDV), bovine parvovirus (BPV), infectious bursal disease virus (IBDV), infectious hematopoietic necrosis virus (IHNV), bovine rotavirus (BRV), feline infectious peritonitis virus (FIPV), and bovine respiratory syncytial virus (BRSV) were used for specificity analysis in this study. A total of 672 clinical specimens of newborn piglets with diarrhea symptoms were collected from pig farms located in Northeastern China (Heilongjiang, Jilin, and Liaoning provinces) from 2017 to 2018, and were subjected to detection by the assay developed in this study. N gene of PEDV, TGEV, and PDCoV, and the VP7 gene of PoRV were used as target genes to design the primers using Oligo 6.0 software, and the details of primers are shown in Table 1 .
Preparation of plasmid standards
Total RNA of PEDV, TGEV, PoRV, and PDCoV was extracted respectively from cell cultures using the TRIzol® Plus RNA Purification Kit (Invitrogen, USA) [31] , followed by reverse transcription using the Table 1 Primers used in this study.
Viruses
Primer ID Sequences (5′-3′) Reference Product size
a Primers were used to amplify the full-length of the target gene for positive standard control. b DPO primers were used to establish detection method. c Conventional primers were used as control for comparison with DPO primers. d "I" means deoxyinosine.
Superscript Reverse Transcriptase Reagent Kit (Takara, Japan) according to the manufacturer's instructions, generating complementary DNA (cDNA). Next, the full-length of target genes were amplified with primers (as shown in Table 1 ) using the corresponding cDNA as template. PCR system in a total volume of 25 μL was as follows: 10 × exTaq Buffer 2.5 μL, exTaq DNA polymerase 0.5 μL, dNTP mixture (10 mM each) 3 μL, cDNA 5 μL, primers (TGEV-N-F/R, PEDV-N-F/R, PoRV-VP7-F/R, or PDCoV-N-F/R) (10 μM) 1 μL for each, and ddH 2 O 12 μL. PCR amplification was carried out using a SensoQuest LabCycler (Senso-Quest, Germany) with the conditions that 95°C for 5 min, followed by 35 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 10 min. Then, PCR product was cloned into plasmid pMD-19T [32] , giving rise to recombinant plasmids pMD-TGEV-N, pMD-PEDV-N, pMD-PoRV-VP7, and pMD-PDCoV-N, respectively.
Specificity and annealing temperature sensitivity analysis of the DPO primer
We used the N gene of TGEV as a model to evaluate the specificity of DPO primer. As shown in Fig. 1 -A, the gene sequences targeting the 5′or 3′-segments of DPO primer were subjected to point mutation at three sites (3′-segment with three site mutations, namely N3; 5′-segment with three site mutations, namely SN3) or five sites (3′-segment with five site mutations, namely N5; 5′-segment with five site mutations namely SN5). Also, the gene sequences (PCR amplification region) with point 
Development of DPO-based real-time RT-PCR assay
First, DPO-based singleplex real-time RT-PCR assay for detecting PEDV, TGEV, PoRV, and PDCoV was developed, respectively. PCR system in a total volume of 20 μL was as follows: 10 μL of SYBR Green I Universal Master Mix, 0.5 μL of DPO primer pair (10 μM), 5 μL/1 μL of cDNA/plasmid DNA template, and DEPC H 2 O added to make up the 20 μL volume. PCR conditions were 95°C for 10 min, followed by 40 cycles at 95°C for 15 s, and 60°C for 1 min performed in an Applied Biosystems 7500 (ABI, USA). Second, the standard curve for viral quantification was constructed using 10-fold serially diluted plasmids pMD-TGEV-N, pMD-PEDV-N, pMD-PoRV-VP7, and pMD-PDCoV-N with primary concentration of 1.52 × 10 8 copies/μL, 1.64 × 10 8 copies/μL, 2.27 × 10 8 copies/μL, and 1.58 × 10 8 copies/μL, respectively. Subsequently, DPO-based multiplex (duplex, triplex, and quadruplex) RT-PCR assays were developed for detecting different combinations of PEDV, TGEV, PoRV, and PDCoV, following optimization of the reaction system based on single real-time RT-PCR assay. And, the empty plasmid pMD-19T without target genes was used as an inhibition control for monitoring PCR inhibition in this real-time PCR assay.
Sensitivity, specificity and repeatability analysis of DPO-based realtime RT-PCR assay
To evaluate the limit of detection of the DPO-based real-time RT-PCR assay for PEDV, TGEV, PoRV, and PDCoV in clinical specimens, known PEDV-, TGEV-, PoRV-, or PDCoV-positive feces sample was subjected to 10-fold serial dilution with PBS buffer followed by the extraction of total RNA from the diluted sample. The DPO-based realtime RT-PCR assay was performed to detect the presence of viral nucleic acids, and the standard curve equation for each virus was used to calculate copy number of viral nucleic acids in each diluted feces sample. For the evaluation of detection specificity, PEDV, TGEV, PoRV, PDCoV, BVDV, BRV, BPV, IBDV, BRSV, IHNV, and FIPV were subjected to detection using DPO-based real-time RT-PCR assay developed in this study, and the plasmid standard pMD-TGEV-N, pMD-PEDV-N, pMD-PoRV-VP7, and pMD-PDCoV-N as the positive control, respectively. To assess the repeatability of detection results, plasmids pMD-TGEV-N (1.52 × 10 8 copies/μL), pMD-PEDV-N (1.64 × 10 8 copies/μL), pMD-PoRV-VP7 (2.27 × 10 8 copies/μL), and pMD-PDCoV-N (1.58 × 10 8 copies/μL) were 10-fold serially diluted, and 10 1-, 10 3-, and 10 5fold diluted plasmids were used to evaluate the intra-assay repeatability and the inter-assay repeatability.
Application of DPO-based real-time RT-PCR assay
To evaluate the practicability of DPO-based real-time RT-PCR assay developed in this study, 672 piglet diarrhea samples were collected in Heilongjiang, Jilin, and Liaoning provinces located in Northeastern China from 2017 to 2018, followed by the extraction of total RNA using the TRIzol method as described above, and the assay was carried out. The results of analysis were determined in accordance with the following rules: (i) the cycle threshold (Ct) value of samples detected by the assay less than or equal to 35 was considered virus positive; (ii) the Ct value more than 40 was considered virus negative; (iii) the Ct value between 35 and 40 should be evaluated repeatedly. If Ct value was more than 40, the result was considered virus negative; otherwise, it was positive. In parallel, the detection results of RT-PCR assay with the conventional primers were used as method control.
Results
Priming specificity analysis of the DPO system
As shown in Fig. 1 , we used the N gene of TGEV with three or five point mutations targeting the gene sequences designed for 5′-or 3′segments of DPO primer as model ( Fig. 1A) to evaluate the specificity of the DPO primer. In parallel, conventional PCR primer, designed from the same gene sequences as for DPO primer, was used as control. Following amplification, PCR products were respectively analyzed by agarose gel electrophoresis assay ( Fig. 1B) and SYBR Green fluorescence assay (Fig. 1C) . Our results showed that DPO primers had a higher priming specificity than that of conventional primer; moreover, when there were more than three nucleotides mismatched between the 3′-or 5′-segment of DPO primer and template, PCR amplification would be inhibited substantially and even the extension would be terminated, while the amplification efficiency of conventional PCR primers would not be affected.
Annealing temperature sensitivity analysis of the DPO system
To analyze the annealing temperature sensitivity of the DPO primer, the mixture of plasmids pMD-TGEV-N, pMD-PEDV-N, pMD-PoRV-VP7, and pMD-PDCoV-N was used as the template, and multiplex PCR was performed with DPO primers at the annealing temperature range from 40°C to 65°C, with conventional primers as control. As shown in Fig. 2 , DPO primers allowed a wide range of annealing temperatures to efficiently amplify target genes with a nearly identical pattern, while conventional primers required a relatively rigid annealing temperature. 
Sensitivity, specificity and repeatability analysis of DPO-based realtime PCR assay
We used 10-fold serially diluted PEDV-, TGEV-, PoRV-, or PDCoVpositive feces sample to evaluate the limit of detection (LOD) of DPO- based real-time RT-PCR assay for PEDV, TGEV, PoRV, and PDCoV in clinical specimens. This was followed by calculating the copy number of viral nucleic acids with corresponding standard curve equation established in this study. Our results showed that the LOD of DPO-based realtime RT-PCR assay for detecting PEDV, TGEV, PoRV, and PDCoV in clinical specimens was 8.63 × 10 2 copies/μL, 1.92 × 10 2 copies/μL, 1.74 × 10 2 copies/μL, and 1.76 × 10 2 copies/μL, respectively (Fig. 4A ). In this work, the detection specificity of the assay for PEDV, TGEV, PoRV, and PDCoV was evaluated using TGEV, PEDV, PoRV, PDCoV, BVDV, BRV, BPV, IBDV, BRSV, IHNV and FIPV, and our results showed that only target viruses were positive for the assay without non-specific priming, while other viruses were negative, indicating a strong specificity (Fig. 4B) . Moreover, the intra-assay and inter-assay detection reproducibility was estimated using the plasmid standards pMD-TGEV-N, pMD-PEDV-N, pMD-PoRV-VP7, and pMD-PDCoV-N as templates, and results showed that the coefficients of variation were all less than 1.0% (Table 2) , indicating good repeatability.
Development of DPO-based multiplex real-time RT-PCR assay
In this work, DPO-based multiplex (duplex, triplex, and quadruplex) real-time RT-PCR assays were developed for the detection of different combinations of PEDV, TGEV, PoRV, and PDCoV, following the optimization of reaction system based on the single real-time RT-PCR assay. As shown in Fig. 5 , using DPO-based multiplex real-time RT-PCR assays developed in this study, different target viral pathogens were accurately differentiated in a single reaction. 
Detection of clinical samples
A total of 672 piglet diarrhea samples collected from Heilongjiang, Jilin, and Liaoning provinces in Northeastern China from 2017 to 2018 were used to evaluate the feasibility of the assay developed in this study, using conventional RT-PCR assay as control. As shown in Table 3 , the prevalence rate of PEDV, TGEV, PoRV, and PDCoV detected by the DPO-based real-time RT-PCR assay was 19.05% (128/672), 5.21% (35/672), 4.32% (29/672), and 3.87% (26/672), respectively, while that detected by conventional RT-PCR assay was 17.56% (118/ 672), 4.46% (30/672), 3.87% (26/672), and 3.57% (24/672), respectively. The positive coincidence rate of these two detection methods for PEDV, TGEV, PoRV, and PDCoV was 92.18%, 85.71%, 89.66%, and 92.31%. We also detected mixed virus infections present in some samples. With the results of DPO-based real-time RT-PCR in terms of Ct value as shown in Fig. 6 , it was clear that the quantities of the viruses detected in different virus-positive samples varied greatly with Ct values of 20-25, 25-30, and 30-35, respectively. Moreover, from the virus-positive results of the clinical samples, PEDV is the major cause of piglet viral diarrhea disease. Subsequently, to confirm the detection accuracy of the assay developed in this study, the samples with different detection results by the two methods were subjected to sequence analysis of target genes. As shown in Fig. 7 , the sequencing results verified that the detection results of DPO-based real-time RT-PCR assay were accurate.
Discussion
Porcine viral diarrhea disease still seriously endangers the development of the pig industry, and leads to significant economic losses for pig farmers worldwide. Clinically, PEDV, TGEV, PoRV, and PDCoV are the major causative agents of viral diarrhea in piglets. In some cases, mixed infections with two or more these viruses are common, which seriously interfere with clinical diagnosis [8, 16, 18, 33, 34] . Moreover, with the increasing growth of international trades and animal transports, the risk of transboundary spread of porcine viral diarrhea disease has also increased significantly. Therefore, to differentiate accurately infections of TGEV, PEDV, PoRV, and PDCoV in clinical specimens, and to prevent transboundary spread of porcine viral diarrhea disease, it is necessary to develop a rapid, accurate, and multi-target diagnostic method for the differentiation of TGEV, PEDV, PoRV, and PDCoV.
Currently, PCR-based methods are commonly recognized as useful tools for the molecular diagnosis of various viral or bacterial pathogens. The most common PCR method used is the real-time PCR method, which includes probe assay such as Taqman-probe and fluorescence dye assay such as SYBR Green dye. Both assays have their advantages and disadvantages. Of them both Taqman-probe and SYBR Green fluorescence dye have high sensitivity, and TaqMan-probe has high specificity but poor versatility, which is only suitable for specific gene detection, while SYBR Green fluorescence dye has strong versatility. Moreover, the cost of TaqMan-probe is higher than that of SYBR Green fluorescence dye. Therefore, in order to reduce the cost of detection, we utilized SYBR Green fluorescence dye to develop the real-time PCR assay. Primer design is the key to determine the specificity of both probe-and fluorescence dye-based real-time PCR method, which requires very rigid primer parameters. Generally, to obtain reliable primers, there should be repeated optimization of primer parameters, such as specificity, length, melting temperature, GC content, less secondary structure, and PCR annealing temperature, which is time-consuming, in particular the design of primers for developing a multiplex PCR assay. In this study, we introduced DPO primer that was different from the conventional primer to develop real-time RT-PCR assay with SYBR Green fluorescence dye for the detection of TGEV, PEDV, PoRV, and PDCoV. Compared with the conventional primer, DPO primer is easier because it does not require repeated optimization of primer parameters. Moreover, DPO primer has 2 obvious advantages, compared with conventional primer. Firstly, the priming specificity of DPO primer is stronger than that of conventional primer. We used the TGEV N gene with point mutations targeting the gene sequences designed for the 3′or 5′-segment of DPO primer as model to evaluate the priming specificity of the DPO primer. It was found that when five nucleotides mismatched with the template in the 5′-segment of the DPO primer, the PCR amplification efficiency decreased substantially, while the PCR products were still observed via agarose gel electrophoresis assay and SYBR Green fluorescence assay. Additionally, when five nucleotides mismatched with the template in the 3′-segment of DPO primer, the PCR amplification terminated and could not be analyzed by agarose gel electrophoresis assay, whereas a very weak fluorescence signal with Ct value of approximately 33 was observed via SYBR Green fluorescence assay. Our results were somewhat inconsistent with previous report [25] , in which the researchers claimed that if there were 3 bp mismatched in the 3′-segment or 5′-segment of the DPO primer, the extension would not proceed. In any case, the priming specificity of DPO primer is stronger than that of conventional primers, which have a single priming region, and extension might proceed even in the presence of mismatch between primer and template. Moreover, the high specificity of DPO primers could effectively reduce the competitive effect between different primers, promoting the amplification efficiency indirectly, and although the optimal PCR product size generally recommended for SYBR Green-based protocols was below 200 nucleotides, there was little effect on the amplification efficiency for TGEV (180 bp), PEDV (251 bp), PoRV (318 bp), and PDCoV (400 bp) designed in this work, showing 94.551%, 101.283%, 95.347%, and 102.305%, respectively. Secondly, due to the specific structure of DPO primer, there is wide range of annealing temperature to effectively amplify the target gene with a nearly identical pattern. However, the conventional primers required optimal annealing temperature to amplify effectively, suggesting that the DPO primer was a powerful tool to develop multiplex PCR assay.
In this study, we combined the DPO primer and SYBR Green fluorescence dye to develop the DPO-based real-time RT-PCR assay for clinically differentiating the infection of TGEV, PEDV, PoRV, and PDCoV, which showed high specificity, sensitivity, and detection repeatability. Generally, to demonstrate the new detection method, it is necessary to test the clinical samples and compare the results with that of control method. For this purpose, we collected 672 diarrhea samples of piglet from pig farms located in Northeastern China from 2017 to 2018 to evaluate the diagnostic capability of the assay developed in this study, using conventional RT-PCR assay as control. By contrast, the detection accuracy of DPO-based real-time RT-PCR assay is higher than that of conventional RT-PCR assay, indicating a better diagnostic capability in clinical samples. Moreover, from the epidemiological investigation, we know that PEDV still is the major cause of piglet viral diarrhea disease in China, and PDCoV as a novel animal coronaviruses that emerged in China [35] , has its infection on the rise. In conclusion, DPO-based real-time RT-PCR assay for differentiating TGEV, PEDV, PoRV, and PDCoV developed in this study has both high specificity of the DPO primer and high sensitivity of SYBR Green fluorescence dye, and shows good diagnostic capability in practice, providing a useful tool for the rapid and accurate diagnosis and epidemiological investigation of these viral pathogens causing piglet diarrhea. Moreover, since SYBR Green-based PCR protocols rely on complex melting curves, they are no more sufficient for human diagnostics laboratories. Therefore, there protocols need further development to an internal probe-based detection system using different colors in order to comply with current diagnostic standards, even if this test is not being applied for humans.
